Li-air batteries have received much attention in the past several years because of their large theoretical specific energy density, stable output voltage, cost-effective, energy-efficient and pollution free, and have broad application prospects. If it is successfully developed, the battery could be an excellent energy storage device for renewable energy sources such as wind, solar, and tidal energy, which brings a prospect for human to solve the problem of environment pollution and energy crisis. But the electrolyte is a crucial component of Li-air battery and the electrochemical performance of the battery is determined by electrolyte to a great extent. Due to the react violently between lithium and water, it is not practical for Li-air battery to use directly an aqueous electrolyte unless the anode can be protected from degradation. In this review, we presented the latest research progress on the non-aqueous electrolyte, i.e. organic electrolyte, ionic liquid and solid electrolyte. We elaborated the influence of solvents, and possible additives, and/or their combination Li-air battery's performance. Finally, we provided insights into the prospect of non-aqueous electrolyte for Li-air battery.
Introduction
Energy and the environment are among the most important issues of the twenty-first century. Until now the main energy supply comes from fossil fuels, such as coal, oil, and natural gas, causing a dramatic build-up of greenhouse gases in the atmosphere. In response, energy conversion from renewable sources has been considered as a promising solution to decrease CO 2 emissions that has paved the way for governmental incentives toward both the implementation of electric vehicles and hybrid electric vehicles. However, rechargeable energy storage systems with high energy density and round-trip efficiency are urgently needed to capture and deliver renewable energy for applications such as electric transportation. Metal-air batteries have received extraordinary research attention recently as promising electrochemical energy storage and conversion devices due to their extremely high energy density, low cost, and environmentally friendly operation [1] [2] . Many researchers have worked to develop rechargeable metal-air batteries as next-generation batteries in recent years. Typically, metal-air batteries are divided into two types according to the electrolyte: one is a cell system using an aqueous electrolyte such as Zn-air and the other is a water-sensitive system using organic electrolyte such as nonaqueous Li-air [3] [4] . In the non-aqueous system it has been proved that the reduction products can be reversed into the original reagents and is advantageous for the rechargeability. Moreover, the theoretical energy density of a non-aqueous Li-air battery system is higher than that of an aqueous Li-air battery system because of the water or acid being involved in the reactions in the aqueous system. To date, the non-aqueous configuration has attracted the most effort worldwide compared to other electrolyte systems in Li-air batteries. Due to the nonaqueous reaction mechanism and the lightest metal element of lithium, its theoretical energy density is approximately 11680 W•h•kg −1 [5] . This special and fascinating energy storage system attracts a lot of technological and scientific interest.
The working principle of a rechargeable Li-air battery is shown in Figure 1 . The discharge reaction in an Li-air ) of conventional intercalation compounds used in the positive electrode of Li-ion batteries [6] - [8] .
Though Li-air batteries have a relative high voltage and energy density, there are a number of challenges including poor round-trip efficiency [9] - [11] , poor rate capability [5] [12] [13] , low cycle life [14] [15] and poor safety characteristic to limit the practical application of the Li-air batteries, as shown in Figure 2 . Several of these challenges are common to all lithium batteries, and if they could be solved, it would equally improve Li-ion batteries as well.
A major challenge to moving ahead even at the research level is to find a stable electrolyte for the nonaqueous Li-air batteries. The electrolyte in the non-aqueous Li-air battery has a profound influence on the reactions that occur at the anode and cathode, and hence its overall operation on discharge/charge. Non-aqueous electrolytes have been studied and developed for decades and successfully employed in the present commercialized Li-ion batteries. But they must possess a wide range of attributes, exceeding the requirements of electrolytes for Li-ion batteries by far. This makes Li-air batteries more challenging and generates the brand new subject of non-aqueous electrolytes for Li-air batteries. Choosing a suitable electrolyte is crucial to the performance of Li-air batteries. The non-aqueous electrolytes for Li-air batteries in this perspective are exclusively focused on organic electrolytes, ionic liquids and solid-state electrolytes.
Organic Electrolytes
An ideal electrolyte for non-aqueous Li-air batteries should hold high chemical and electrochemical stability, low volatility or no volatility to guarantee long-term operation, high oxygen solubility, and especially, be inert to superoxide radicals. However, none of the reported electrolytes can completely meet these requirements. Organic electrolyte is mainly composed of high purity of organic solvent and electrolyte of lithium salt according to certain proportion. The properties of formulated electrolytes are crucial to the interfacial structure between electrodes, O 2 gas, and non-aqueous electrolytes and accordingly govern the performance of Li-air batteries. The effect is the result of the individual components of the electrolytes: organic solvents, Li salts, and possible additives, and/or their combination.
Organic Solvents
One of the problems with non-aqueous Li-air batteries is the attack on solvent molecules by oxygen radicals [17] - [19] . All the publications involving non-aqueous electrolytes for Li-air batteries have focused on searching for a solvent that is stable against oxygen radicals. An electrolyte solvent for Li-air batteries is expected to have the following merits [20] : 1) a high dielectric constant, able to dissolve a certain amount of Li salt; 2) low viscosity, supporting fast Li + ion transport in cells; 3) high stability against all cell components, especially oxygen radicals during cell operation; 4) low vapour pressure, limited loss when exposed to an O 2 flow; and 5) nontoxicity and economic use. Organic solvents such as propylene carbonate (PC), acetonitrile (AcN), dimethyl sulfoxide (DMSO), glymes, etc., have been widely used in Li-air batteries.
Organic carbonates. Ethylene carbonate (EC) and propylene carbonate (PC) are commonly used as solvent for Li-air batteries in the early stages due to their high boiling point and considerable ion conductivity. They were the first applied as non-aqueous electrolyte solvents in Li-air batteries in 2006, In the following few years, organic carbonates were almost the benchmark electrolyte solvents in Li-air batteries and subsequently, different research areas involving Li-air batteries were developed.
However, in 2010, Mizuno et al. [16] reported that carbonate solvents could be attacked by oxygen radicals which were generated during discharge. This led to formation of lithium carbonate (Li 2 CO 3 ) and other lithium alkyl carbonates [18] . A similar observation of the decomposition of organic carbonates was also obtained by other groups [21] - [23] . It seriously affected the reversibility of the Li-air battery.
Ethers. Ether solvents came into consideration for electrolyte solvents for Li-air batteries after organic carbonates were found to suffer severe decomposition. Since then, ether solvents have been investigated experimentally. Ether solvents were found to have relatively higher stabilities than PC. Li 2 O 2 could be observed as the main discharge product in dimethoxyethane (DME) based Li-air cells by McCloskey [24] . But with the deepening of the research, it was found that ethers electrolyte solvents are unstable. The results from Bruce and coworkers showed that the amount of Li 2 O 2 in the discharge products gradually decreased during cycling for the ether electrolyte and at the fifth discharge, no Li 2 O 2 was observed but other lithium compounds were observed in the discharge products [25] . Furthermore, the electrolyte degradation appeared to increase rapidly with cycling. The degradation mechanism of ethers in the presence of O 2 has been attributed to the autoxidation of ethers by O 2 [26] . It is suggested that the resistance to autoxidation can be improved by substitution of reactive hydro-gens on solvent molecules, for example by introducing steric hindrance at the reaction center [26] . In addition, ester based electrolytes are often plagued by the high volatility or high viscosity, which is a disadvantage to cycle life and rate performance of Li-air batteries. Such as DME and tetrahydrofuran (THF), is the low vapour pressure. It enables the fast evaporation of ether solvents in a few days and accordingly induces the decaying cycling performance. Although DME is more resistant to O 2 radicals than organic carbonates, its low vapour pressure will restrict its wide application in Li-air batteries due to issues with long-term operation.
Sulfones. Dimethyl sulfoxide (DMSO), as a universal solvent, possesses favourable advantageous, including low volatility and viscosity, good oxygen difiusion ability, high conductivity containing Li + salts, and especially, remarkable stability against superoxides [27] . Thereafter, it is highly desirable to investigate the electrochemical behaviours of DMSO in Li + containing environments and further evaluate its performance in Li-air batteries. Xu et al. [28] first employed DMSO as an electrolyte solvent with 0.8 mg of carbon in Ni foam as a cathode and evaluate its performance in Li-air batteries. It presented a large specific capacity based on the unit mass of carbon and a high discharge voltage. Because DMSO can react with Li metal, Li foils were pre-treated in 1 M LiClO 4 in PC to permit cycling. With the treated Li foil, DMSO, and a nanoporous gold foil (NPG) as the cathode, a reversible and higher-rate Li-air battery was built [29] . The discharge/charge capacity of the Li-air battery realized over 100 cycles with little decay. Unfortunately, such an electrolyte is only efficient on a gold electrode and if carbon materials exist, the decomposition reactions are also serious.
Other solvents. Other classes of electrolytes including silane-based and amide-based solvents with various substitutions have been valuated experimentally and theoretically as alternatives for Li-air batteries. Zhang and co-workers [30] have reported that oligoether-functionalized silane solvent exhibits improved ability compared to PC. However, there existed some electrolyte decomposition during discharge. The search for a stable cycling and low vapour pressure solvent is urgent for a long-term stable Li-air battery.
Lithium Salts
As an indispensable component of electrolytes, Li salts must meet the prerequisites before being used in Li-air batteries [31] : 1) Li salts should be able to dissolve in solvents and reach a certain concentration to support fast Li + ion transport; 2) anions must be stable under the required potentials; 3) anions should be inert to the solvent, and 4) anions should be stable against the cell components, such as the current collectors, separators, and the package. Li salts such as LiPF 6 Several recent studies [32] - [34] have shown that lithium salts can react with Li 2 O 2 during discharge. Upon investigation of the discharge product in tetraglyme with various salts by XPS, Veith and co-workers [33] have detected contamination of Li 2 O 2 by decomposed halide species from the electrolyte anions in LiClO 4 , LiBF 4 , LiPF 6 and LiTFSI on the surface of Li 2 O 2 . Additionally, a recent study by Xu et al. [34] observed the presence of LiF in discharged electrodes with LiTFSI and a wide range of organic solvents, which was attributed to salt and/or binder (PTFE) decomposition.
In the electrolyte, the lithium salts concentration is also an influencing factor for battery performance [35] . The varying of the molar ratios of lithium salt and solvent can modify their solvate structures from solvent separated ion pairs to contact ion pairs [34] . The dependence of the cycling performance of the Li-air batteries on the concentrations will be helpful for exploiting the stable electrolyte systems [36] .
Additives
Additives are the compounds which are in electrolytes with limited amounts but can greatly improve the performance of Li-air batteries. The functions of additives can be described as improving the dissolution of Li 2 O 2 and O 2 in electrolytes, both of which have the aim of increasing the discharge capacity. For the former, tris (pentafluorophenyl) borane (TPFPB) B(C 6 F 5 ) 3 was added into carbonate based electrolytes to increase the dissolution of the discharge product Li 2 O 2 and enable further oxygen reduction reaction to occur at the released active sites [37] . In order to increase the O 2 solubility in propylene carbonate, perfluorotributylamine (FTBA) was added. The discharge capacity could be improved greatly compared to that with the electrolyte without FTBA [38] [39] . The idea of storing the discharge product Li 2 O 2 in the electrolyte is promising for improving the specific capacity and avoiding the blockage of channels in the cathode, but the stability of this system needs careful evaluation.
Ionic Liquids Electrolytes
Ionic liquids (ILs) offer several advantages as electrolytes for Li-air batteries including negligible vapor pressure and hydrophobicity. Their stabilities toward superoxide radical have been systematically investigated [16] . Mizuno et al. [40] have shown that N-methyl-N-propylpiperidinium bis (trifluoromethanesulfonyl) amide (PP13-TFSA) is much more stable than carbonate-based solvents (against superoxide radical), owing to its less positive atomic charge compared to that of carbonate-type solvents. Recently, Herranz et al. [41] reported that 1-butyl-1-methyl-pyrrolidinium bis (trifluoromethylsulfonyl) imide (Pyr14TFSI) exhibits at least three orders of magnitude enhanced stability (i.e., lower reaction rate constant with superoxide radical) compared to PC using rotating ring disk electrode technique. Although these ILs show promising stability toward the superoxide radical, their limited O 2 solubility and diffusivity may lead to poor discharge capacity and rate capability of Li-air batteries.
Solid-State Electrolytes
Solid-state electrolyte possesses a wide electrochemical window and is relatively stable in comparison with the organic liquid electrolyte counterpart. Another advantage of the solid-state electrolyte membrane is the non-permeability of humidity and CO 2 , preventing the Li foil anode from reacting with H 2 O and CO 2 in air.
Solid-state electrolytes have been pursued for decades and promise potential replacement of organic liquid electrolytes to improve the safety of Li-ion batteries. Increasing the electrochemical stability and conductivity of solid-state electrolytes for practical application in Li-ion batteries at room temperature is the main challenge. Selecting a suitable solid-state electrolyte is equally important as the cathode catalyst for construction of a porous air cathode and eventually affects the performance of the solid-state Li-air battery.
The currently employed electrolytes in solid-state Li-air batteries are ceramics, LAGP, and PEO polymer electrolytes, because of their availability and processability. Another important criterion for the employed solid-state electrolyte is its compatibility with superoxide radicals and Lioxide species LiO x [42] . The ceramic solid-state electrolyte usually consists of different components, such as Li 2 O and BN, which may react with H 2 O and CO 2 in air or be oxidized at high potentials. PEO is the most common material for the solid-state electrolytes and can be considered as one glyme with a very long molecular chain. The conductivity can be improved by an order of magnitude with the addition of inorganic nanoparticles, such as TiO 2 and Al 2 O 3 [43] . The enhancement was attributed to the local electric fields created by the nanoparticles interacting with Li + ions, which could accelerate the transport of the remaining conducting ions [43] [44] . Alternations on the polymer, composition, and inorganic nanoparticles have been exclusively attempted. LAGP has a composition of Li 1+x Al x Ge 2-x (PO 4 ) 3 , which is a derivative of LiGe 2 (PO 4 ) 3 . In addition to working as an electrolyte, LAGP is a major component of the cathode which has some ORR catalytic activity and forms Li + ion con ducting networks inside [42] . Unlike Li-air battery research in organic electrolytes, little information is available about reaction products in cells based on solid electrolytes used to date.
The major resistance of a solid-state Li-air battery is derived from the interfacial contacts, which govern the battery performance. The interfacial contacts include Li/solid-state electrolyte and solid-state electrolyte/cathode. Interfacial contacts governing the migration of Li + ions throughout a cell is crucially important for solid-state Li batteries. How to build good interfacial contacts among the Li/solid-state electrolyte and solid-state electrolyte/cathode is crucial for a rechargeable solid-state Li-air battery.
Conclusions and Outlook for Non-Aqueous Electrolyte
Much advance has been achieved, but the challenges remain. A major challenge to moving ahead even at the research level is to find a stable electrolyte for the non-aqueous Li-air batteries. On screening all the known electrolyte parasitic reactions have more or less been found. The electrolyte should be resistant to oxygen radicals during discharge and possible oxidation, especially in the presence of Li 2 O 2 during charging. Li-air batteries with organic liquid electrolytes are facing great challenges, especially, the instability of organic electrolytes. On the other hand, the electrolyte cannot be studied without considering the effect of the cathode materials, because the cathode materials may catalyze the decomposition of the electrolyte under some potentials. Although ILs show promising stability toward the superoxide radical, their limited O 2 solubility and diffusivity may limit their using in Li-air batteries. Solid-state electrolyte possesses a wide electrochemical window and is relatively stable in comparison with the organic liquid electrolyte counterpart. Another advantage of the solid-state electrolyte membrane is the non-permeability of humidity and CO 2 , preventing the Li foil anode from reacting with H 2 O and CO 2 in air. Although the low ionic conductivity of solid-state electrolytes at room temperature represents a significant and continuing challenge to the development of solid state Li-air batteries, opportunities exist to increase the ionic conductivity of both polymer and ceramic electrolytes, while maintaining the stable, non-volatile properties of solid state electrolytes. Although great progress has been made in only a few years, future work on non-aqueous electrolytes for Li-air batteries will need to explore other electrolytes in the quest for yet lower cost, higher safety, stability and low volatility.
